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1 Introduction
This paper is devoted to the existence of sign-changing solutions for the following problem
involving the logarithmic weighted (N, p)-Laplacian:

~V.(ws®)|VulN2Vu) - Apu + V()| ulN2u =f(x,u) inB,
u=0 on dB,

(1.1)

where B is the unit ball of RN, N > p > 2, the nonlinearity f(x, £) is continuous in B x R and

behaves like e#t™ """ B €[0,1),as t — oo, for some o > 0, A, denotes the p-Laplacian
the second-order operator defined by A ,u = V.(IVulP~2Vu), and the weight wg(x) is given
by

we(x) = (1-log 1)’ ™",  Belo,1). (1.2)

The potential V : B — R is a positive continuous function and verifies
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(V1) V(x) > V4, >0in B for some Vg > 0.

Condition (V1) implies that the function % belongs to LN (B).

The weighted (N, p)-Laplacian operator is a generalization of the nonlinear (N, p)-
Laplacian operator. Indeed, the weight function serves as a versatile tool for modeling
various effects, including the presence of a medium or the influence of an external field.
This versatility makes it particularly suitable for representing a wide range of physical phe-
nomena, such as diffusion, fluid flow, reaction-diffusion equations [2, 13], biophysics [23],
plasma physics [39], and specific elementary particle models [6, 7, 18]. It is essential to
note that the origins of the (N, p)-Laplacian equation can be traced back to the study of
stationary solutions in the context of the following reaction-diffusion system:

Uy = V.(|VM|N’2VM + Apu) — V@) ulN2u + f(x, u).

In this equation, the function u represents a concentration. The first term characterizes
diffusion with a diffusion coefficient of (|Vu|N=2 +|Vu[?~2). The continuous potential V(x)
is a function influencing the system’s energy, and f («, #) corresponds to the reaction term,
linking to source and loss processes [5, 13]. As a result, quasilinear elliptic boundary value
problems involving the (N, p)-Laplacian operator with various nonlinearities have been
extensively investigated by numerous researchers, as evident in works such as [3, 22, 33,
36] and the associated references.

When N = g > 2, much attention from researchers has been directed towards this par-
ticular limit in the Sobolev embedding, widely recognized as the Trudinger—Moser case.
More precisely, consider a smooth bounded domain  in RN, where N > 2. Let WOI’N ()

represent the standard first-order Sobolev space defined as follows:
WOLN(Q) = closure{u € CP(2) ‘ / |Vul|N dx < oo},
Q

equipped with the norm

1
N
lelhgavie) = ( / Vaul¥ dx)
0 Q

This space represents a critical limit in the Sobolev embedding theorem. While the the-
orem establishes that the space WOI’N (Q) — L#(R) for all 1 < p < o0, it is well known,
through simple examples, that Wol’N (Q) € L>(R). Consequently, the natural question that
arises is to identify the maximum growth function ® : R — R* such that

/ d(u)dx<oo forue WOI’N(Q) while satisfying ||u||W01,N(Q) <1
Q

This question was conclusively answered by Yudovich [42], Pohozaev [37], and Trudinger
[38]. Their collective work has established that the maximal growth function is defined

N
as ®(t) = el!' . Moser further refined this result in his work [35]. More specifically, he
demonstrated that for all u € WOI’N (2), the function exp(aluI%) belongs to L}(Q) for
some « > 0. In fact, he established that

N 1
sup / M gy <« C(N) = a<ay:= Noj, (1.3)
Q

<1
llull Wé,N(Q),
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where wy_; represents the area of the unit sphere in RV, It is worth noting that the con-
stant ay is a critical threshold; for values of « greater than «y, the supremum in (1.3) be-
comes infinite. Such estimates, akin to (1.3), are now commonly referred to as Trudinger—
Moser type inequalities. For further exploration and applications in this field, the reader
is directed to works such as [15—17, 31, 32] and the associated references.

It is essential to highlight that considerable research efforts have been dedicated to the
investigation of the impact of weight functions on the limiting inequalities of Trudinger—
Moser type. Interested readers can delve into studies like [1, 12] to explore the effect of
power weights within the integral term on maximal growth and [8—11] for insights into
the influence of weights within the Sobolev norm. Kufner, in his work [29], introduced the
concept of weighted Sobolev spaces and developed an embedding theory for such spaces
with general weight functions. Let 2 C R and w € L'(€2) be a nonnegative function, then
the weighted Sobolev space can be introduced as follows:

WolvN(Q, w) = closure{u € CP () ‘ / W(x)|Vu|N dx ﬁnite}. (1.4)

Q
When the weight function w takes the form of the logarithmic function, the weighted
Sobolev spaces defined as in (1.4) hold particular significance. These spaces deal with lim-
iting scenarios of such embeddings. Nevertheless, to obtain meaningful results, we find

it necessary to confine our attention to radial functions. Thus, we turn our focus to the
weighted Sobolev space of radial functions.

W&,ﬁfd(ﬂ,w) = closure{u € Craa(2) ‘ /W(x)|Vu|N dx ﬁnite},
B

endowed with the norm

=S

Il = Vb = [ w9z (1.5
0,rad \™® B

when w is given by (1.2).

The initial exploration of Trudinger—Moser inequalities for Sobolev spaces with loga-
rithmic weights was conducted by Calanchi and Ruf, as documented in [8]. Their work
focused on the case when N = 2, considering a Sobolev norm of logarithmic type. Subse-
quently, they expanded their research to encompass the general case, as outlined in [9].
To be more specific, they established the following result.

Theorem 1.1 [9] Let B € [0,1) and let wg be given by (1.2), then

/ e dx is finite, forevery u € Wol,rad(B, wg), if and only if
B

(1.6)
o N N
VEMWETINCDA-p) T 1-p
and
YN,B Iﬁ 2z
sup M dx <400 & a< ang = N[a)N_1 1- ,8)] -5, (1.7)
uew(ll,rad(B’Wﬂ) B

IVulN g <1
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where wy_, is the area of the unit sphere SN7! in RN and N’ is the Hélder conjugate
of N.

Lety :==yng = %, in view of inequalities (1.6) and (1.7), we say that f has subcritical
growth at +oo if

i f (x,8)]
1m

Isl>o0  e2s”

=0 forall o suchthatoypg>a>0 (1.8)

and f has critical growth at oo if there exists some 0 < ap < an g,

X, S
lim A y)l =0, Voasuchthatoy <o <oayg and
|s|l>00 e%$

5) (1.9)
lim /(% 9) =00, Vo<

lsl>c0 s’

In the case p < ¢ = N, problem (1.1) has attracted substantial attention from various re-
searchers, each addressing it with distinct nonlinearities. This work is inspired by the work
of authors such as [24, 25, 28, 30, 41, 44] and the references therein. Notably, in the work
by Figueredo and Nunes [24], the focus was on investigating the existence of positive so-
lutions within a specific class of quasilinear problems.

—div(a(|VulP)|VulP2Vu) = f(u) in Q CRY,
u=0 on 092,

(1.10)

in which the hypotheses on function 4 included the case —Ayu — A,u. The nonlinearity
f:R — R is a superlinear continuous function with exponential subcritical or critical
growth, and the function a is C!. By using the minimization argument and deformation
lemma, the authors proved the existence of a least energy nodal solutions for equation
(1.10) with two nodal domains. Moreover, Zhang and Yang [44] considered the problem

—ANU— Apu = AuN‘leﬁ”N —u in €,
u>0 in €,

u=0 on 0%2,

where 1 <N/2<p <N, N' = ]\%, 2 is an open bounded domain containing the ori-
gin in RY with C? boundary and A,u > O are positive real parameters. To be more
specific, the authors demonstrated the existence of positive solutions for the above
problem by combining variational techniques with regularity arguments. Alternatively,
[4, 10, 11, 14, 19, 20, 43] investigated elliptic equations with weighted N-Laplacian opera-
tor and critical Trudinger—Moser nonlinearities, while this paper will focus on a different
class of problems.

Inspired by the above results, this paper embarks on an inquiry into the presence of
sign-changing solutions possessing minimal energy for weighted problems akin to those
of Shrodinger type. We study both subcritical and critical exponential growth patterns at
infinity by using the constraint minimization argument and topological degree theory.
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With this objective in mind, we consider the space
LN
Xﬂ = WO,rad(B’ Wﬂ),

which is a reflexive and Banach space provided condition (V) holds. Xz is endowed with
the norm

||| := (fB wﬁ(x)|Vu|N + V(x)|u|Ndx>N, (1.11)

which is equivalent to the following norm:

1
N

_ N
”M”W&ﬁd(ﬂww = (/}; wgp(x)|Vul dx) )

Note that the embedding Xz < L4(B) is continuous for all ¢ > 1. Moreover, the embed-
ding Xg < L7(B) is compact for all ¢ > N, see [26]. For this work, we impose the following
conditions on the nonlinearity f(x, £):

(A1) f:BxR— Ris C! and radial in x;

(A,) There exists & > N such that

0<OF(x,t) <tf(x,t), V(xt)eBxR\{0},

where F(x, t) = fotf(x,s) ds;
(A3) Foreachxe€B, t— lj;(f,f)l is increasing for all ¢ € R \ {0};

(As) lime lfﬂ(fo)l =0, uniformly in x € B;
(As) There exist r > N and C, > 1 such that

sgn(t)f (x,t) > C.|t|"' forall (x,2) € Bx R,
where sgn(¢) =1if £ >0, sgn(¢) =0if t =0, and sgn(¢) = -1 if £ < 0.
A typical example of a function f satisfying conditions (A1), (42), (A3), (A4), and (As) is
given by

F(&) = Colt1™ 2t + |82t withr>N.

The energy functional, sometimes referred to as the Euler—Lagrange functional associ-
ated with problem (1.1), is defined as follows:

J(u) := l/1/|/,_«;(9¢)|V14|1\[+ V(x)|u|N dx + 1‘/A|Vu|"’dx—/F(x,u)a’x, (1.12)
N Jp b JB B

where F(x,u) = fou f(x,t)dt. It is evident that the search for nontrivial weak solutions to
problem (1.1) is equivalent to identifying nonzero critical points within the functional 7.
Since the reaction term f is of critical or subcritical growth, there exist positive constants
¢; and ¢, such that

[f(x,0)] <crexplelt|”}, VxeB, VteR, (1.13)
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and so, by using (A4;), we have that .7 € C*(Xj,R) and

(J/(u),(p>::/(Wﬁ(x)|Vu|N_2+ |Vu|p’2)VuV¢dx+f V()| N 2ugp dx
B B

- f Flou) d
B

for all # and ¢ € Xp. Clearly, the critical points of functional J are weak solutions of
problem (1.1).

Definition 1.1 A function u is called a solution to (1.1) if # € X and

/(wﬁ(x)|Vu|N_2+ |Vu|p_2)VuV<pdx+fV(x)|u|N_2u<pdx
b b (1.14)

=/f(x,u)g0dx for all ¢ € Xp.
B

Definition 1.2 v € Xj is called nodal or sign-changing solution of problem (1.1) if v is a
solution of problem (1.1) and v* #0 a.e. in B.
v € Xp is called least energy sign-changing solution of problem (1.1) if v is a sign-

changing solution of (1.1) and
JW) = inf{j(u) :J' () =0,u™ #0a.e. in B}.
Our approach revolves around the pursuit of sign-changing solutions that minimize

the associated energy functional 7 among the ensemble of all sign-changing solutions to
problem (1.1). To this end, we introduce the sign-changing Nehari set defined as follows:

N = {u € Xﬂ,uﬂt #0and <j’(u), u*) = <j'(u), u_) = 0},

where u* (x) := max{u(x),0} and u~(x) := min{u(x), 0}. It is evident that any sign-changing

solution of problem (1.1) resides in the set A/. According to (1.14), we have
(j’(u),ui) = / w,g(x)‘VuﬂN + V(x)|ui‘Ndx + /‘Vui |p dx — /f(x, z,ti)ui dx.
B B B
It is important to note that, for every u = u* + u~ € NV, it is readily observed that

Jw=T)+Tw) (T w@u)=(T(u)u’) and
(' @),u”) = (T (), u).

In our initial theorem, we prove the existence of sign-changing solutions for (1.1) in the

exponential subcritical case.

Theorem 1.2 Assume that f(x,t) has a subcritical growth at oo and satisfies conditions
(A1), (A2), (A3), and (A4). If in addition condition (V1) holds, then problem (1.1) admits a
least energy sign-changing solution v € N with precisely two nodal domains.
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In our second theorem, we establish the existence of a sign-changing solution for (1.1)
in the exponential critical case.

Theorem 1.3 Assume that f(x,t) has a critical growth at co and satisfies conditions (A1),
(A2), (A3), (A4), and (As). If in addition condition (V1) holds, then there exists § > 0 such
that problem (1.1) admits a least energy sign-changing solution v € N with precisely two
nodal domains provided

N?6(r—plew, (2o +8)\ VPN
Cp>max<1’ (P(r—N)(H—N)( an g ) ) )>0, (1.15)

where cp, = infp; J.(u) > 0,
1 1 1 .
Jr(w) = llull™ +};||u||§ - /B |u|" dx
and
N, = {u € Xp,u* #0 and (j,/(u),u*) = <j/(u),u‘> = 0}.

The rest of this paper proceeds as follows. In Sects. 2, we introduce preliminaries for
the compactness analysis and some useful lemmas. Section 3 is devoted to proving Theo-
rem 1.2. Finally, in Sect. 4, we establish some estimates and prove Theorem 1.3.

Notation Throughout this paper, we use the following notations:
« C denotes a positive constant that may change from one line to another, and we
sometimes index the constant to show how they change.
+ |u|, denotes the norm in the Lebesgue space L?(B) for p > 1.
+ |u|p denotes the norm in the weighted Lebesgue space L?(B, w), which is defined by

il per = (/Bwﬂ(x)lulpdx)p.

+ |lu||, denotes the norm in the usual Sobolev space Wol ?(B), which is defined by

1

1

el = (/ |Vu|pdx> .
B

2 Some useful lemmas
In this section, we prove some lemmas that are important to obtain the desired results. To
this end, let u € X with u* 0, we define the function G : R, x R, — R and the mapping
K:R, x R, — R?, where

G(s,t) = ,,7(514+ + tu’) (2.1)
and

K(s, t) = ((j/(su’r + su’),su*), (j’(su’r +tu”), tu’)). (2.2)
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Lemma 1 For any u € Xg with u™ #0, there is the unique maximum point pair (s,,t,) €
R, x R, of the function G such that s,u* + t,u” € N.

Proof The proof of this lemma is obtained in three steps. The first step consists in showing
that there exists a pair of positive numbers (s, £,) such that s,u* + t,u~ € N forany u € X
with u® # 0. Note that

G s )= o | o= [ st d 2.3
and
(7 (su + ), ) = e |+ e | - fB o tu )t . (2.4)
Note that, from (A4), for any & > 0, there exists § > 0 such that
flx,t) <eltN"! for |t <8 and x € B. (2.5)

Since f is subcritical or critical, for every ¢ > 0, there exist constants ¢; = ¢;(¢) > 0 and
K > 0 such that, for all ¢ > N,

S )t <ciltexp(alt]”), VIt =K,a>aVx € B (2.6)
Then, from (2.5) and (2.6), we have
fl, )t <eltN + Clt|?exp(e|t|”) foralla >ag,q > N.
So, we get

/f(x,su*)sf dxge/‘su+|Ndx+C/‘su*‘qexp(a(sw)y)dx
B B B

for all @ > g, q > N.

(2.7)

Now, from (2.7), (1.6), the Sobolev embedding theorem, and Holder’s inequality, we have

o

2=

B

for s > 0 small enough satisfying s < :
flu*

|

(20)
(T (su* + ), 51"
= ot [ ot - ooV [ o Cost [ | expln(on'))
= st |+ ot [ o5 [ [t 09
)

) 3 N 3
—qu</|u+| qu) </ exp<2as” ||u*||y( ) )dx)
B B [zt ||

e A et T et T
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Choose ¢ > 0 small enough such that (1 — ¢C;) > 0. Since g > N, we have that

(j’ (st,fr + tu‘),su+> >0 for s small enough and all £ > 0.
Similarly, according to (2.4) and (2.7), we get

(]’ (su+ + tu’), tu’) >0 for ¢t small enough and all s > 0.
Hence, there exists > 0 such that

(J/(rbﬁ + tu‘),ru*) >0 and <j/(su* + ru_),ru‘) >0 foralls,t>0. (2.9)

On the other hand, by (A;), we can find positive constants C; and C, such that

ft)t>GCsltl” = Csy V(x,t) € (B,R\ {0}). (2.10)
Thus, we get

(T (su* +tu™), su”)

s |+ '~ [ st ds o1

<t Yot - o [+ G
B

Since 6 > N, there exists R > r large enough such that
(J’(Ru+ + tu‘),Ru*) <0 and (J/(SLf + Ru’),Ru‘) <0 foralls,te€[r,R]. (2.12)
In view of Miranda’s theorem [34], together with (2.9) and (2.12), we can conclude that
there exists (s,,¢,) € R, x R, such that K(s,,%,) = (0,0), i.e,, s,u* + t,u~ € N.
In the second step, we prove the uniqueness of the pair (s,,t,). First, we assume that
u=u*+u e N.Then, we have

(J'@),u*)=0 and (J'(w),u)=0,
that is,

[+ | = /B flou)wdx and u [N ur|? - /B Flouw)udn. (213)
By Claim 1, we know that there exists at least one positive pair (so, o) satisfying sou* +

tou~ € N'. Now, we show that (so, £o) = (1,1) is the unique pair of numbers. Without loss

of generality, let us assume that sy < f. It follows from (2.3) that

s |+ | - / 7 (o1 )sou . (2.14)
B
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If sg < 1, then from (2.13), (2.14), and (A3), we have
0< (s = 1) ¥ + (5™ =) |

. . (2.15)
:/<f(x»30bi ) _f(x:” )>(u+)Ndx§O,
B

(S()I/t*)N_l (M+)N—1

which is a contradiction. Hence, 1 < sg < ;.

Arguing similarly by using the equations (J'(su* + tu~),tu") = 0 and (J'(u),u”) = 0, we
obtain that sy < #y < 1, which implies that sy = £y = 1, and the proof is complete.

For the general case, we suppose that # ¢ \. Assume that there exist two other pairs of
positive numbers (s1, 1) and (s;, £2) such that

or=siut+tium e N and oy =su’ +Hu eN.

Then

S t S t
0y = 2 siut + 2 hu = 2o+ (2 )oreN.
1 1
81 151 81 151

Since o1 € NV, it is clear that

S b

= =1,
S1 t

which means that s; = s and £ = &5.

Finally, we prove that the pair (s, t,) is the unique maximum point of the function G on
R, x R,. We know from the above that (s,, ¢,,) is the unique critical point of G on R, x R,.
By definition and (2.10), we obtain

G(s,t) =T (su* +tu”)

1 et + tu ||N + l||su+ +tu||” - / F(x,su® +tu”) dx
N p B

< i”su* +tu‘HN+ l”su+ +tu||” - Cis’ ]zf]edx—clte |u‘]9dx+ C|B|
N p B 5
e A P T P e P DT AP
B

-Gt / | |"dx + C|B,
B
which implies that lim(,)— 0 G(s,£) = —00 because 6 > N. Hence, it suffices to show that
the maximum point cannot be achieved on the boundary of R, x R,. We carry out the
proof by contradiction. Assuming (0, ) is the global maximum point of G with z > 0, we
have
7 1 + 7, —|IN 1 + 7|7 + ., Fa—
G(s,t) = — ||su +tu || + — ||su +tu || - F(x,su +tu )dx.
N p B

Hence, by (2.8) it is clear that

QS/(S,Z):SN_1||M+||N+s”_1||u+||p—/f(x,su*)u*dx>0
B
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for small enough s. This means that G is an increasing function with respect to s if s is small
enough, which is a contradiction. In a similar way, we can deduce that G cannot achieve
its global maximum at (s,0) with s > 0. Thus, we have completed the proof. O

Lemma 2 Assume that (A1)—(A4) and (V1) hold. Then, for any u € Xg with ut #0 such

that (J'(u),u™) < 0, the unique maximum point pair of G on R, x R, verifies 0 <s,,t, < 1.

Proof Without loss of generality, we may suppose that 0 < ¢, <s,. Since s,u* + t,u” € N,

we have
Jsa | + " |7 = /B o sut)su* d. (2.16)
Furthermore, since (J'(u), u*) < 0, we have
|+ a2 < / Flout)ut d. (2.17)
B

Then, from (2.16) and (2.17), we get

@l (- [

B

( fesaut)  flu) ) () d. (2.18)

(SMM+)N_1 (M+)N_1

From (A3) and (M,), the left-hand side of (2.18) is negative for s, > 1, whereas the right-
hand side is positive, which is a contradiction. Therefore 0 < s,, ¢, < 1. O

Lemma 3 Suppose that hypotheses (A1), (Az), and (As) are satisfied. Then, for each x € B,
we have

tf (x,t) — NF(x,t) is increasing for t > 0 and decreasing for t < 0.

In particular, tf (x,t) — NF(x,t) >0 forall (x,t) € B x R\ {0}.

Proof To prove this lemma, it is enough to analyze the derivative of f(x, £) — NF(x, £) to-
gether with assumptions (4;) and (A3). O

Lemma 4 Assume that (A,), (A4), and (V1) hold. Then, for all u €¢ N, we have:
i) There exists k > 0 such that ||u*||, |lu”|| > «;

i) Jw) = (5 - §)lulN.

Proof i) We only prove that there exists « > 0 such that ||u*|| > « for all # € A and the
proof for [|u~|| is similar. By contradiction, we suppose that there exists a sequence {u;}} C
M such that ||lu}]| — 0 as n — oo. Since u, € N, we have (J'(u,),u}) = 0. Thus, from
(2.7), we get

O Y L e PP W

(2.19)
58/|uZ|Ndx+C/|u;’,|qexp(a(u;)y)dx
B B
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foralln e N, g >N, and « > ag. Since ||u}|| - 0 as n — o0, there exists ny € N such that

lleep |I” < (ag'—f) for all n > ny. From Holder’s inequality and (1.6), we get

i o .12 3 oy u; Y 3
/B|un| exp(a(i1}) )dxi(/B|”n| dx) (fBexp(Zallunll (”M;”) )dx) 2.20)

= Clla 2,

Combining (2.19) with the last inequality, we can deduce from the Sobolev embedding

theorem that when n > ny,
Jus | = Cae s | + CaJu |- (2.21)

We can choose ¢ > 0 such that (1 — C3¢) > 0, and since g > N, we can deduce that (2.21)
contradicts ||u] || — 0 as n — 00. The proof is complete.
ii) Given u € N, by the definition of A and (4,), we obtain

@)= T )~ {7 ), u)
1 1 1 1 1
= (ﬁ - 5) N + (Z - 5) llaell?) — g /B(f(x: w)u — OF (x,u)) dx (2.22)

1 1\, .
> =-= .
_(N e)nun O

So, we have J () > O for all # € N. Therefore, J (1) is bounded below on N/, that is,
cpm = infuen J (1) is well defined.

Lemma 5 Ifuy € N satisfies J (o) = cpr, then J'(up) = 0.

Proof Suppose by contradiction that J'(u) # 0. By the continuity of 7/, it follows that
there exist § > 0 and ¢ > 0 such that

||j/(v) || > forall ||v—up| <36.

Choose t € (0, min{1/2, m}). LetD:=(1-7,1+7)x(1-7,1+7)and

k(s,t) := sul + tuy  for all (s, £) € D.
In view of Lemma 1, we have
CN = r%an(J ok)<cy. (2.23)

Let € := min{(cnr — cxr)/3,:8/8} and S5 := B(uo,8). According to Lemma 2.3 in [40], there
exists a deformation n € C([0, 1] x Xg, Xg) such that

(@) n(Lv)=vifve (T e - 26, cn +2€]) N Ss),

(b) n(1,TN*NSs) C TN,

() T, v)<JW) forallve W.
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Clearly,

max J(n(l,k(s, t))) <CN. (2.24)
(s,t)eD

Therefore we claim that n(1, k(D)) N M # @, which contradicts the definition of cs.
We define k(s, ) := n(1, k(s, ¢)),
Do(s, t) := ((._7’ (k(s, t)),su(’;), (._7’ (k(s, 1)), tug))
(T (sug + tug), sud) (T (sug + tug), tug))

= (¢; (s,2), ¢i (s, t))

and
D, (s,t) := (%(j/(/}(s, 1)), (k(s,)"), %(j/(/}(s, 1)), (k(s, t))‘)).

By a straightforward computation, we get

3¢L1,(Srt) LN e , N2 N+
5 =N|us|™ +pllug —/(f(x,uo)(uo) +f (% ug)ug) dx, (2.25)
EY B
dpa(s,t _ _ o N -
Pt Nl ol = [ ) ) S )b 229
11
and
0pu(sD| |
G s oy
Let

i (s,0)
at | at )

L (s,0) | 392 (s.t) |
H = 9s  1(L1) 9s (L1
- A :

Then we have that det  # 0. Hence, ®(s,t) is a C! function and (1, 1) is the unique
isolated zero point of ®y; by using the degree theory, we deduce that deg(®o, D, 0) = 1.

Hence, combining (2.23) with (a), we obtain

k(s,£) = k(s,t) on dD.

Therefore, by the degree theory (see [21, Theorem 4.5]), we get deg(®;,D,0) = deg(Po,
D,0) = 1. Hence, again by the degree theory, ®1(so, %) = 0 for some (so, £) € D so that

n(1,k(s0, %)) = k(so, o) € N,
which contradicts (2.24). Hence, J' (o) = 0, which implies uy is a critical point of 7. O

In the following lemma, we prove that w has exactly two nodal domains.

Page 13 of 22
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Lemma 6 Ifw is a least energy sign-changing solution of problem (1.1), then w has exactly
two nodal domains.

Proof Assume by contradiction that w = wy + wy + ws satisfies

w; 70, i=1,2,3, wy >0, wy <0, a.e.inB,
BiNBy=9, Bi={xeB:wi(x)>0},  By={xeB:w(x)<0},

wilB\ByUB, = WalB\ByuB, = W3lBUB, =0
and
(T'(w),w;)=0 fori=1,2,3. (2.27)

Setting v = w; + wy, we have that v* = wy and v~ = wy, ie,, v #0. From Lemma 1, it follows
that there exists a unique point pair (s,,#,) € R, x R, such that s,w; + t,w, € N/. Hence,
J (s,w1 +t,ws) > cpr. Moreover, from (2.27), we obtain (7'(v),v¥) < 0. Then, by Lemma 2,
we have that

(sv,2) € (0,1] x (0,1].
On the other hand, by (4) we have that
0= L{T/ (W) ws) = (T (ws), ws) < T(ws).
N N
Hence, by Lemma 3, we can obtain that
1 !
cm < T (swr + tyws) = T (sywr + £, w) — ﬁ(j (s,w1 + t,w2), 8,W1 + £, W)
sy Y 1 1 11
= N+ Zwa N+ | == = )l + (= - < ) lwally
N N p N p N
1
+— /(f(x,svwl)svwl — NF(x,s,w1)) dx
N Jg
1
+— /(f(x, twa)t,wy — NF (%, t,w,)) dx
N Jg
1 1 1 1 1 1
< =l + =l + (== = JIml) + (== = JlIwall)
N N p N p N
1
+— /(f(x,wl)wl — NF(x,w1)) dx
N Jp
+ — [ (f(x, wo)wa — NF(x,w)) dx
N Jg
1 !
=T (w1 +wy) - ﬁ<‘7 (w1 +wa), w1 + W2>

= J (w1 +wy) + %(j’(w), ws)
<J(w1+wa)+T(w3) =T W) =cn,

which is a contradiction, that is, ws = 0 and w has exactly two nodal domains. O
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3 Proof of Theorem 1.2
Lemma 7 There exists w € N such that J(w) = cpr.

Proof Let the sequence (w,) C N satisfy lim,_, o, J(w,) = cyr. It is clear that (w,) is
bounded by Lemma 4. Then, up to a subsequence, there exists w € E such that

wE—~w* inXj,
wE — w* inL1(B),Yq > N, (3.1)
wE—w* ae. inB.

We claim that
ff(x, wi )wiy dx — /f(x, wo)w* da. (3.2)
B B

Indeed, by (2.7), we have

/f(x,wni)wjdxgs/|wﬂwx+C/|W3E|qexp(a|wj|y)dx
B B B

(3.3)
forallae >0and g > N.
We define g(wi(x)) as follows:
g(wiw)) = s|wj|N + C|w|Texp(a|w|”). (3.4)
We will prove that g(w(x)) is convergent in L}(B). First note that
wal ¥ — [w|™in L'(B). (3.5)
Considering s,s’ > 1 such that % + Sl, =1, we get
Wal” = [w|?  inL° (B). (3.6)

Moreover, choosing & > 0 enough small such that sa(max, |[|wE|]”) < ax,s, we conclude
from Theorem 1.1 that

/exp(sa|wf|y)dx§M. (3.7)
B
Since

exp(a‘wﬂy) — exp(a’wi’y) a.e.in B. (3.8

Then, from (3.7) and [27, Lemma 4.8, Chap. 1], we get that

exp(a|wf]") — exp(a|/w*|") inL(B). (3.9)
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Then it follows from Hoélder’s inequality, (3.5), (3.6), (3.9), and the Trudinger—Moser
inequality that

[ (60w ) - g(w* ) ds
= [ (i - ) s
+C [ ("= ") explawi] )

+ C‘/|wi|q(exp(oe|wf|y) —exp(a|w*|")) dx
B
1

o [t Py o [ - ey ) (st as)

+C/B|Wﬂq(eXP(“|Wf|y)—EXp(a|wi|V))dx
Eg/z;(‘wﬂjv_ ’Wi|N)dx+CM(/B(|Wf‘q‘ |Wi|q)3/dx>:/

+ Cf|wi‘q(exp(a|wf|y) —exp(a|wi|y))dx
B

— 0 asun— 00,

which closes the proof of (3.2). Thus, as a direct consequence,

/ F(x,w,)dx — / F(x,w*™)dx (3.10)
B B

holds.

Now, we claim that w* # 0. Suppose, by contradiction, w* = 0. From the definition of
N, (3.1), and (3.2), we have that lim,,_, . ||[w},|| = 0, which contradicts Lemma 4. Hence,
w* #0and w™ #0.

From the lower semicontinuity of norm and (3.1) it follows that

w1+ [ < timinf oy [+ 3 7). (3.11)

n—+00

On the other hand, by using (J'(w,), w};) = 0 and (3.2), we have

hmmf(”w || + ||w Hp —hmmf/f X W w dx = /f( )w dx. (3.12)

n—+00 n—+00

From (3.11) and (3.12) we deduce that (J'(w),w*) < 0, and similarly we can prove
(J'(w),w™) <0. Then, Lemma 2 implies that there exists (s, #,) € (0,1] x (0,1] such that
suw* + t,w~ € N. Thus, by the lower semicontinuity of norm, (3.2), (3.10), and Lemma 3,
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we get that

ey < J(suw+ + tuw_) = j(squr + tuw_) - %(J/(Squr + L‘uw‘),suw+ + tuw_)

< T~ (T 00, w)

1

= %HWMN + (}9 - %) ||w||§ + N /B(f(x,w)w—NF(x, w)) dx

1 1 1
<timinf| —[lw, |V + ( = = = ) Iwull?
n—+oo | N p N r
1
+— [ (f(x, wa)wy, — NF(x, wy,)) dx}
N Jg

=< llmlnf[j(wn) - ]lv(j/(wn)v Wn>i| =CN -

n—+00
Therefore, we get that J(w) = cr, which is the desired conclusion. O

Thus, from Lemmas 5 and 6, w is a least energy sign-changing solution of problem (1.1)

with exactly two nodal domains.

4 Proof of Theorem 1.3

To prove Theorem 1.3, we need to consider the auxiliary problem

~V.(wp@)|VulN2Vu) - Apu+ V(@) |ulN2u = [u|"u inB,
u=0 on 0B,

(4.1)

where r is the constant that appears in assumption (As). The energy functional .7, associ-

ated with (4.1) is given by

1oy 1 1
(1) 1= — Nl - = | ) dx,
Tr(u) NIIMII +p||ullp r/BIMI x

and the sign-changing Nehari set is defined by
N, = {u € Xg,u™ #0 and (ﬂ(u), u*) = (jr’(u),u’) = 0}.

Let ¢y, = infpr, J,(1), we have the following result.
Lemma 8 There exists w € N, such that J,(w) = cy,.
Proof The proof of this lemma is obtained in four steps:

Step 1. For any u € Xz with u* # 0, similar to Lemma 1, there is the unique maximum

point pair (s,, £,) € R, x R, of the function 7, such that s,u™ + t,u” € N,.
Step 2. 1f u € Xg with u* # 0, such that (J/(«), u*) < 0, then, similar to Lemma 2, the

unique maximum point pair (s,,t,) in Step (1) satisfies 0 < s,,, ¢, < 1.
Step 3. Similar to Lemma 4, for all u € \V,, there exists « > 0 such that ||u*]|, ||u”| > «.
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Step 4. Now, let the sequence (w,) C N, satisfy lim,_, .0 J,(Wy) = cpq,. Similar to
£ —~ w* in Xj. From Step
(3), we show that w* #0. Using Steps (1), (2) and again similar to Lemma 7, wd
get w € N, such that J,(w) = cur..

Now, we will obtain an important estimate for the nodal level cxr. That will be a powerful

Lemma 7, we can show that, up to a subsequence, w

tool to obtain an appropriate bound of the norm of a minimizing sequence for cpr in NV

Lemma 9 Assume that (A1), (As), (V1), and (1.15) are satisfied. It holds that

(4.2)

0 —-N a (N-1)(1-B)
v = ( o )

N6\ 2(ap +9)

Proof From Lemma 8, there exists w € A, such that J,(w) = ¢y, and J/(w) = 0. Conse-
quently, we get

1 1 1
ﬁ||w||N+l—7||w||§—;‘/B|w|’dx:cj\/, and ||wi||N+ ||wi||§:‘/3|wi|rdx. (4.3)

From (As) and (4.3), we get (J'(w), w®) < 0, which together with Lemma 2 yields that
there is a unique pair (s, £) € (0,1] x (0, 1] such that sw* + tw~ € N Using (45) and (4.3),
we obtain

en ST (swh+tw)

N N
e L A A e o R =
sP o, N sP .,
< S (= W)+ S b ) « S+ Sl
- el - el
< max(g - C,§> [wl;.
£0 \ p r

By some straightforward algebraic manipulations, we get

i r_
en =G =
rp

Note that from (4.3) we have

1 1 1 1 1
N =t g = [ s
N r N N rJg

(4.5)
1 N 1 p 1 r
<NIIWII +—lwlly — = [ Iwl"dx=cn;,.
V4 rJB

Thus, by combining (4.4) and (4.5), we obtain

- N(r—
ey <C7 (r=p)

20— N) CN- (4.6)

Therefore, by (1.15) and (4.6), we obtain that (4.2) holds. O
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The next result gives us some compactness properties of minimizing sequences.

Lemma 10
() If (w,) C N is a minimizing sequence for cxr, then up to a subsequence there exists
w € Xg such that

wE —~wE  in Xg, wE —w* inLl1(B),Yg>N, and
wE—w* ae.inB
and
/f(x, W)W dx — /f(x, wE)w* dx. (4.7)
B B

(i) There exists w € N such that J(w) = cy.

Proof (i) Let the sequence (w,) C N satisfy lim, . J (Wy,) = cpr. It is clear that (w,) is
bounded by Lemma 4. Then, up to a subsequence, there exists w € Xg such that

=~ wE inXg, wE —w* inLYB),Yg>N, and w’—w" ae inB.

w n

Note that, according to (2.7), we have
flows)wE < 8|wf|N +C|lwE| " exp(a|w|") =:g(wE(x)) foralla>aoandg>N.

n

We will prove that g(w(x)) is convergent in L(B). First note that

(wal¥ — [wN' in L'(B). (4.8)
Considering s,s’ > 1 such that % + sl, =1 and s close to 1, we get
wal? — |w|? inL*(B). (4.9)

On the other hand, using Lemma 3, we obtain that

¢y = limsup J (u,)

n—+00

=lim sup(j(un) - é(j/(un)’ un))

n—+00

1 1 1 1
=1i — = — ™ + (= = = lual
gfgg((l\[ g)llu I~ + (p e)llu I3 (4.10)

1
+ g (/B(f(x, U,y — OF (x,u,,) dx)

which together with Lemma 9 gives that limsup, . , . [|[w,||” < %.

Page 19 of 22
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Now, choosing « = oy + §, we get that

y
fimntalilryass floo(seosammnt (57 ) )
| ; Wl
QaN,g Wi !
< ) 3 :
_/Bexp<s(ao+ )2(a0+5)<||w,,||) ) *

Since s > 1 and is sufficiently close to 1, we get San s < an. Then it follows by Theo-
rem 1.1 that there is M > 0 such that

(4.11)

/exp(sa|wff|y)dx§M. (4.12)
B
Since

exp(a|wi|”) — exp(a|w*|") ae.inB. (4.13)

Then, from (4.12) and [27, Lemma 4.8, Chap. 1], we get that
exp(a|wf]") — exp(a|/w*|") inL(B). (4.14)

Now, using (4.8), (4.9), (4.14) and proceeding as in Lemma 7, we will complete the proof
of (4.7).
(ii) Now, proceeding in the similar way to the proof of Lemma 7, there exists w € N such

that 7 (w) = cns, which is the conclusion we want. O

Therefore, from Lemmas 5 and 6, we deduce that w is a least energy sign-changing so-
lution for problem (1.1) with exactly two nodal domains.
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